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(54) Series of strongly complex coupled DFB lasers 



(57) A one dimensional series of complex coupled 
(gain or loss coupled) DFB semiconductor lasers is dis- 
closed. Each laser comprises a multiple quantum well 
active region and a complex coupled grating having cor- 
rugations along a cavity length direction formed by pe- 
riodic etching grooves through the active region. The 
grating has a period comprising a first sectbn and a sec- 
ond section, wherein substantially all quantum wells are 
etched away from the second section providing no sub- 
stantia! photon generation in the second section. The 
depth of etching is defined so as to provide a substantial 
insensitivity of each laser to the external feedback and 
random facet variations and to ensure thereby no sub- 
stantial interaction between lasers in the series. The la- 
sers in the series may further comprise means for tuning 
laser wavelengths around corresponding lasing modes 
and/or means for switching between the lasing modes. 
The series of lasers is also capable of simultaneous mul- 
ti-wavelength generation, with number of generated 
wavelength being equal to a number of lasers in the se- 
ries excited above threshold levels. 
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Description 

FIELD OF INVENTION 

[0001] Th invention relates to semiconductor lasers, 5 
and in particular, to complex coupled distributed feed- 
back (DFB) semiconductor lasers arranged coaxially in 
series and capable of multi-wavelength generation and 
extended wavelength tuning range. 

10 

BACKGROUND OF THE INVENTION 

[0002] Fiber optics communication systems require 
compact light emitting sources capable of generating 
single-mode, tunable, narrow linewidth radiation in the is 
1.3 - 1.56 urn wavelength range. Some of the existing 
semiconductor lasers, for example, InGaAsP DFB la- 
sers can meet requirements for high power and proper 
wavelength, but fail to satisfy requirements for high side 
mod suppression ration (SMSR), predictability and 20 
controllability of generated wavelength, insensitivity to 
external feedback and random facet phase variations, 
simple manufacturing and high device yield. Additional- 
ly, a rapid advance in high speed and large capacity 
donso wavelength division multiplexing (DWDM) fiber 25 
optics systems continues to demand semiconductor la- 
sers not only possessing properties mentioned above 
but also capable of providing a wide continuous tuning 
range and multi-wavelength generation for practical and 
cost effective applications. 30 
[0003] Conventional index coupled DFB lasers em- 
ploying an index corrugation have an inherent problem 
in existence of two longitudinal modes with an equal 
threshold gain which results in poor single mode oper- 
ation as shown, for example, in the article by H. Kogelnik 3S 
and C.V. Shank "Coupled-mode theory of distributed 
feedback lasers", J. Appl. Phys., vol. 43, no. 5, pp. 2327 
- 2335,1972. 

[0004] For index coupled DFB lasers, the longer and 
shorter wavelength Bragg modes around the laser stop 40 
band are intrinsically degenerate in terms of the thresh- 
old gain. The degeneracy may be broken, for example, 
in the presence of asymmetric facet coatings and facet 
phase variations. The yield of DFB lasers with a fixed 
lasing wavelength and a predetermined SMSR is very 45 
low in practice because of the random variations of facet 
phase, yield usually being not more than several per- 
cent. Without internal buill-in mode discrimination be- 
tween the two degenerate modes, mode properties of 
index coupled DFB lasers are primarily determined by so 
asymmetric facet coatings and variations of facet phas- 
es. As a result these lasers are very sensitive to varia- 
tions of the effective laser facet phases and can be 
strongly influenced by any external feedback. 
[0005] For quarter wavelength shifted DFB lasers, de- 55 
scribed, for example, in the article by K. Utaka, S. Akiba, 
K Sakai, and Y. Matsushima "?/4-shifted InGaAsP/lnP 
DFB lasersMEEE J. of Quantum Electronics, Vol. QE- 



22, no.7. p.1042-1052 (1986), an additional phase shift 
is introduced into the laser structure to br akthedeg n- 
eracy between the two Bragg modes around the stop 
band. The yield of this type of lasers ensuring single- 
mode operation is higher than the conventional index 
coupled DFB lasers. However, since the laser operation 
is based upon an additional phase introduced into the 
structure, it is critically dependent on the phase shift 
which has been actually introduced to the laser and 
which is very difficult to control or manufacture in large 
scale. The laser facet phase still plays a significant role 
since it works together with the introduced built-in phase 
to satisfy the round-trip phase condition for resonance. 
A good anti-reflection ( AR/AR) coating reduce the effect 
of the facet phase on the laser properties. However, the 
quarter wavelength shift laser usually suffers from a 
large longitudinal spatial-hole burning (SHB), resulting 
from the phase shift introduced in the center of the laser, 
especially when a large index coupling is required to re- 
duce a threshold current in the case of AR/AR coating. 
Strong SHB may quickly degrade the SMSR when the 
injection current is increased. 

[0006] When a laser is facet phase sensitive or criti- 
cally dependent on the phase shift introduced within the 
cavity, it becomes vory sonsitivo to any perturbations or 
variations in its operation conditions. When a number of 
such lasers are arranged in a series, they interact with 
each other. The presence of one laser influences on op- 
eration of other lasers. One laser usually acts as an ef- 
fective grating-based reflector to cause reflections fed 
back into other lasers vary not only in amplitude, but also 
in phase, both being wavelength dependent. Addition- 
ally, both the amplitude and the phase are also depend- 
ent on the operation conditions of adjacent lasers, such 
as temperature, injection current and leakage current 
between the lasers. Thus, interaction between lasers 
significantly influence lasing behaviour of each laser, re- 
sulting in an extremely low device yield and poor laser 
performance. Often stable operation of the series as a 
whole is impossible. 

[0007] O. Sahlen, L Lundqvist, J. Terlecki and J.P. 
Weber in the article "A robust WDM network laser 
source: the DFB-series laser", ThB1, OFC'97, Dallas, 
USA, described an attempt to use quarter wavelength 
shitted DFB lasers as building blocks in a series. Al- 
though quarter wavelength shifted DFB lasers exhibit a 
high single mode yield in theory, they suffer from a large 
spatial hole burning as discussed above. Their current 
tuning range is also relatively small due to the potential 
onset of other longitudinal modes caused by spatial hole 
burning. As a result, the series as a whole did not dem- 
onstrate high performance and stability, and simultane- 
ous multi-wavclcngth operation was not reported at all. 
[0008] The predictability of the lasing wavelength for 
each individual DFB laser is also a critical parameter for 
the series operation. Even if one of the lasers, working 
as a perfect single-mode laser, happens to lase on a 
wrong side of the stop band, the entire series will fail in 
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its operation. The same result will happ n if one las r 
unexpectedly switches between the two Bragg modes, 
which is unacceptable for practical system applications. 
[0009] Therefore, in order to obtain a good perform- 
ance of series DFB lasers, it is critical to ensure that 
each laser operates substantially independently and 
has no influence on the lasing behaviour of another la- 
sers in the series, thus, providing no substantial inter- 
action between lasers in the series, each laser maintain- 
ing high performance characteristics at the same time. 

SUMMARY OF THE INVENTION 

[0010] It is an object of the present invention to pro- 
vide a series of DFB semiconductor lasers which avoids 
the mentioned problems. 

[0011] The above object is met by the combination of 
features of the main claim appended hereto, the sub- 
claims disclose further advantageous embodiments of 
the invention. 

[0012] Thus, according to one aspect of the present 
invention there is provided a series of semiconductor la- 
sers having an output facet, comprising: 

a plurality of complox coupled distributed feedback 
semiconductor lasers having laser cavities ar- 
ranged in a series coaxially along same optical axis, 
each laser comprising: 

a) a substrate; 

b) an active region formed on the substrate and 
comprising a multiple quantum well structure; 

c) an excitation means for pumping the active 
region; 

d) a complex coupled grating having corruga- 
tions along the optical axis formed by periodic 
etching grooves through the active region, the 
grating having a period comprising a first sec- 
tion and a second section, wherein substantial- 
ly all quantum wells are etched away from the 
second section providing no substantial photon 
emission in the second section and ensuring no 
substantial interaction between lasers in the 
series, 

a Bragg wavelength of each laser in the series being 
outside the stop bands of all other lasers which are 
closer to the output facet of the series. 

[001 3] Preferably, a series of lasers has only ono out- 
put facet and comprises two or more lasers. Each laser 
in the series may be either a gain coupled laser com- 
prising a gain coupled grating or a loss coupled laser 
comprising a loss coupled grating. The series of gain 
coupled lasers is preferably arranged so that each laser 



in th s ries generates at the right Bragg mode around 
its stop band and the Bragg modes of lasers differ so 
as to provide a continuous tuning range for the series 
as a whole. For the series of loss coupled lasers it is 
5 preferred for each laser to generate at the left Bragg 
mode around its stop band, and the Bragg modes of la- 
sers to differ so as to provide a continuous tuning range 
for the series as a whole. 

[0014] The series may further comprise means for 

io tuning a laser wavelength of each laser around a corre- 
sponding lasing mode and/or means for wavelength 
switching between the lasing modes generated by la- 
sers in the series. The series of lasers is also capable 
of multi- wavelength generation, with a number of gen- 

is erated wavelengths being equal to a number of lasers 
in the series excited above threshold levels. 
[0015] The complex coupled grating, providing insen- 
sitrvity of the laser to the external feedback and random 
facet phase variations, comprises a first section and a 

20 second section, wherein substantially all quantum wells 
are etched away from the second section. Thus, no sub- 
stantial photon emission is generated in the second sec- 
tion. Height and shape ol the sections define intensity 
of the photon emission in the sections. Conveniently, the 

2$ first and second soctions may havo a rectangular or 
trapezoidal shape, or the second section may be V- 
shaped. Preferably, the grating is a first order uniform 
grating. Alternatively, it may be a chirped grating, de- 
pending on application requirements. The excitation 

30 means for pumping the active region comprises electri- 
cal contacts for current injection into the active region. 
Alternatively, the lasers in the series may be capable of 
coupling to external optical pumping sources to create 
population inversion. When the laser is electrically 

35 pumped, a current confining region is formed on the ac- 
tive region, the region being a ridge waveguide or a bur- 
ied hetero-structure. Conveniently, lasers in the series 
are equally spaced from each other, with center to cent- 
er spacing of respective lasers being about several mi- 

40 crometers 

[0016] By appropriate selection of semiconductor ma- 
terials and type of dopings for substrate and current con- 
fining ridge, the lasers are adjusted to generate light 
within certain wavelength ranges. Preferably, they are 

45 1.3-1.56 micrometers and 0.8-0.9 micrometers for InP 
and GaAs alloys utilized as substrate materials corre- 
spondingly. 

[0017] Series of coaxial DFB lasers described above 
has a great advantage over parallel multi-wavelength la- 

50 ser arrays. It now provides emitting of multi-wavelength 
generation from one single common output facet only, 
which ensures more compact and cheap packaging. It 
also docs not require optical combiners, which prevents 
from power losses. Additionally, series of lasers pro- 

55 vides a wide tunable wavelength range which can b 
made continuous by an appropriate choice of lasers' 
Bragg wavelengths 

[0018] According to another aspect of the present in- 
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vention ther is provided a complex coupled DFB sem- 
iconductor laser, comprising: 

a) a substrate; 

b) an active region formed on the substrate and 
comprising a multiple quantum well structure; 

c) an excitation means for pumping the active re- 
gion; 

d) a complex coupled grating having corrugations 
along the optical axis formed by periodic etching 
grooves through the active region, the grating hav- 
ing a period comprising a first section and a second 
section, wherein substantially all quantum wells are 
etched away from the second section providing no 
substantial photon emission in the second section, 
and ensuring substantial insensitivity of the laser to 
the external feedback and random facet phase var- 
iations, and providing laser generation at a prede- 
termined lasing mode. 

[0019] The laser is a gain coupled laser comprising a 
gain couplod grating or a loss couplod lasor comprising 
a loss coupled grating. It may further comprise means 
for tuning a laser wavelength around the lasing mode. 
[0020] Thus, a coaxial series of DFB semiconductor 
lasers, insensitive to the external feedback and random 
facet phase variations, and capable of multi-wavelength 
generation and extended wavelength tuning range is 
provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] The invention will now be described in greater 
detail regarding the attached drawings in which: 

Fig. 1 is a schematic cross-sectional view of a series 
of DFB lasers according to a first embodiment of the 
invention; 

Fig. 2 is a detailed cross-sectional view of the series 
of lasers according to the first embodiment of the 
invention; 

Fig. 3 is a perspective view of the series of the DFB 
lasers according to the first embodimenl of the in- 
vention; 

Fig. 4 is a combined wavelength tuning spectrum 
for the series of lasers according to the first embod- 
iment of the invention; 

Fig. 5 is a schematic cross-sectional view of a series 
of DFB lasers according to a second embodiment 
of the invention; 



Fig. 6 is a combined wavelength tuning sp ctrum 
for the series of lasers according to the s cond em- 
bodiment of the invention; 

5 Fig. 7 is a schematic cross-sectional view of a series 

of DFB lasers according to a third embodiment of 
the invention. 

DESCRIPTION OF THE PREFERRED 
™ EMBODIMENTS 

STRUCTURE AND OPERATION 

[0022] A schematic cross section through a series of 
*5 distributed feedback complex coupled semiconductor 
lasers 10 according to a first embodiment of the present 
invention is shown in Figure 1 . The series 10 comprises 
a first gain coupled DFB laser 1 1 and a second gain cou- 
pled DFB laser 13 having their cavities arranged coax- 

20 ially along same optical axis, designated by a numeral 
l-l in Figure 1 . Lasers 11 and 13 have outputs arranged 
along the line l-l and in the same direction shown by an 
arrow on the line l-l. the first laser 11 being closer to an 
output facet 27 of the series 1 0. The series 1 0 is formed 

2S on a substrate 12 providing a first confinement region, 
an active region 14 comprising a multiple quantum well 
structure 16 and a first and second gratings 17 and 19 
defined therein, and an overlying confinement region 
20. Means for excitation of the series are formed there- 
to on, and include a contact to the substrate 26, first and 
second current confining ridges 22 and 24 defining first 
and second lasers 11 and 13, first and second contact 
electrodes 30 and 32 being defined on each ridge re- 
spectively for current injection into the series structure. 

35 The first and second gratings 1 7 and 1 9 positionally cor- 
respond to the first and second lasers of the series 11 
and 13 respectively The gratings have different grating 
periods, defining corresponding Bragg wavelengths and 
laser stop bands, and providing a 6 nm center Bragg 

40 wavelength separation of the gratings 17 and 19. the 
first grating 17 having a shorter Bragg wavelength. It is 
arranged that each laser generates at the same side of 
its stop band, namely at a right Bragg, and the Bragg 
modes of the lasers are arranged in such a way that the 

45 lasing wavelength (including intended current and tem- 
perature tuning) of the laser 11, which is closer to the 
output facet 27 of the series, does not fall within a stop 
band of the adjacent laser 1 3, which is further away from 
the output facet 27. It ensures that light generated by 

so more distant laser 13 will pass through the laser 11 
which is closer to the series output facet 27. Both grat- 
ings 17 and 19 are made by periodic etching grooves 
through the active region 14, the depth of etching being 
defined so as to provide a substantial insensitivity of 

ss each laser to the external feedback and random facet 
variations and thereby ensuring no substantial interac- 
tion between lasers in the series as will be described in 
detail below. 



» 0926787A1J > 



4 



7 EP 0 926 : 

[0023] The structure of the series 1 0 is shown in mor 
detail in Figure 2. which shows an oblique cross-sec- 
tional view through the series structure 10, and Figure 
3 which shows a perspective view of the series 10. The 
DFB semiconductor laser series 10 is fabricated from s 
Group lll-V semiconductor materials, and comprises a 
heavily N-doped InP substrate 12, on which an N-doped 
InP buffer layer 34 of 1.5 um thickness is defined. The 
first separate confinement region 35, consisting of four 
confinement layers 36, 38, 40 and 42 of N-doped In- 10 
GaAsP with energy band gaps corresponding to wave- 
lengths of 1.0 urn, 1.1 um, 1. 15 u.m and 1.20 ^im respec- 
tively, is provided over the buffer layer 34. The thickness 
of each confinement layer is 20 nm, and the confinement 
layer 36 corresponding to the 1 .0 u.m wavelength is ad- is 
jacent to the buffer layer 34. The active region 14 over- 
lies the confinement region 35 and comprises a multiple 
quantum well (MQW) structure 16 which includes four 
to eight 1 % compressively strained N-doped or undoped 
InGaAsP quantum wells 44, each being 5 nm thick, sep- 20 
arated by several N-doped or undoped InGaAsP un- 
strained barriers 46 with a band gap corresponding to 
wavelength of 1 .20 um, each barrier being 10 nm thick. 
The alloy composition and layer thickness of the MQW 
structuro 16 aro tailored to havo specific band gap on- 25 
ergies to provide for lasingat a required wavelength. In- 
creasing the number of quantum wells provides higher 
gain per unit length of the laser cavity. The band gap of 
the quantum well structure described above provides a 
lasing wavelength of the device at about 1 .55 um A sec- 30 
ond separate confinement region 47, consisting of two 
P-doped InGaAsP confinement layers 48 and 50, hav- 
ing energy band gaps corresponding to 1 . 1 u.m and 1 .20 
um wavelengths respectively, is grown on top of the 
MQW active region 14, each layer being 20 nm thick. 35 
[0024] As mentioned above, gratings 17 and 19 are 
defined by periodically etched grooves through the ac- 
tive region 14. The pitch of the groove of each grating 
is selected so as to define a first order grating for the 
lasing Bragg wavelength. Grating 1 7 has a period com- *o 
prising a first section 66 and a second section 68 as 
shown in Figures 1 and 3. Grating 19 has corresponding 
first and second sections 70 and 72. Second sections 
68 and 72 in the respective gratings 17 and 19 are V- 
shaped and characterized by substantial etching away *s 
almost all quantum wells, namely, seven out of eight 
quantum wells in this embodiment. The more quantum 
wells are etched away from the section the less is the 
photon generation in the section. Thus, a deep etching 
through the second sections 68 and 72 provides no sub- 50 
slantial photon emission in these sections. Usually deep 
etching is avoided for a single laser because of the ac- 
companied strong index coupling. For tho series of DFB 
lasers, deep etching provides substantially independent 
generation of each laser in the series and no substantial 55 
interaction between lasers as will be described below. 
[0025] A P-doped InP layer 52, having "a band gap 
wavelength smaller than the quantum well band gap 
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wavelength , fills the groov s of th gratings. A 3 nm thick 
etch stop layer 54 of P-doped InGaAsP, surrounded by 
P-doped InP buffer layer 56 at the bottom and P-doped 
InP buffer layer 58 at the top is formed next, the buffer 
layers being 100 nm and 200 nm thick correspondingly. 
An upper cladding layer 60 of P-type InP, followed by a 
highly doped P-type capping layer 62 of InGaAs for con- 
tact enhancement, having thickness 1600 nm and 200 
nm correspondingly, complete the structure. The sepa- 
ration between the adjacent electrodes 30 and 32 is in 
the range of 5 to 1 5 u.m to ensure both a sufficient elec- 
trical isolation between the adjacent electrodes and a 
limited material absorption loss. A bottom electrical N- 
contact 26 is provided at the bottom of the substrate 1 2. 
Corresponding means (not shown) for simultaneous 
multi-wavelength generation of the series of lasers (two 
wavelength generation in this embodiment), means for 
controllably varying current injection and changing tem- 
perature of each laser for switching between lasing 
modes, preferably within a time interval of several na- 
noseconds, and tuning of laser wavelength of each laser 
around a corresponding lasing mode are provided. 
[0026] Thus, a coaxial series 10 of strongly gain cou- 
pled DFB semiconductor lasers is provided. 
[0027] Whilo tho sorios doscribod abovo is fabricated 
on a N-type substrate wafer, alternatively, a complimen- 
tary structure may be fabricated on a P-type wafer. 
[0028] The substrate 12 on which the series 10 de- 
scribed above is fabricated is made of InP material 
which results in generating a laser light within a range 
of 1.3-1.56 ?m, corresponding to a transparency win- 
dow of this material. In modifications of this embodi- 
ment, the substrate may be made of GaAs material, hav- 
ing a window of transparency in a shorter wavelength 
range of 0.8-0.9 u.m, which results in generating light in 
this wavelength range. More precise calculation of a las- 
ing wavelength depends also on the properties of the 
active region and the gratings. In the laser cavity direc- 
tion, for lasing to occur, the grating period is determined 
by an integer multiple of X/2n where X is very close to 
the desired lasing wavelength, (typically within several 
nm), and n is the refractive index of the material usually 
in a range of 3-4 for semiconductor materials. 
[0029] In modifications of this embodiment, the series 
10 may comprise a first 11 and a second 13 strongly 
loss coupled DFB lasers, each laser comprising a loss 
coupling grating 17 and 19 correspondingly. The grat- 
ings will then have periods, defining corresponding laser 
stop bands and a center Bragg wavelength separation, 
the first grating 17 having longer Bragg wavelength. It 
is also arranged that each laser generates at the left 
Bragg mode around its stop band, and the lasing wave- 
length of the laser 11 , which is closor to the output facet 
27 of the series, does not fall within the stop band of the 
adjacent laser 13, which is further away from the output 
facet 27. Deep etching through the quantum wells of the 
active regions provides strong loss coupling and ind - 
pendent generation of each laser. 
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[0030] In another modification of the pr sent embod- 
iment, gratings associated with particular lasers in a se- 
ries may be either uniform or chirped gratings, and pe- 
riods of the gratings may vary to provide a predeter- 
mined center Bragg wavelength separation (usually s 
within a range of several nanometers to several tens of 
nanometers) to ensure continuous laser tuning within a 
certain wavelength range. A height and a shape of the 
first and second sections of gratings periods may also 
vary to define photon emission in the sections, which, io 
for example, have rectangular or trapezoidal shape. 
[0031] Principles of operation, demonstrated on a se- 
ries of DFB lasers 10 of the first embodiment of the in- 
vention, are as follows. 

[0032] It is known that complex coupled lasers pro- is 
vide an additional advantage over index coupled and 
quarter-wavelength shifted DFB lasers in suppressing 
on of the two originally degenerated Bragg modes. 
Both theory and experiment have confirmed that in- 
phase gain coupled DFB laser will predominantly lase 20 
on a longer wavelength side of the stop band (right 
Bragg mode), while the anti-phase loss coupled DFB la- 
ser will predominantly lase on a shorter wavelength side 
of the stop band (left Bragg mode). 

[0033] Tho reasons behind aro as follows. For a gain 2s 
coupled laser 11 with a grating 17 formed by direct etch- 
ing through the active region, the second section of the 
grating period 68 where a portion of quantum wells is 
etched away, has smaller effective refractive index than 
the first section of the grating period 66 where the quan- 30 
turn wells are not etched at all. From a standing wave 
point of view, the first section 66 having higher refractive 
index, will support a photon emission at the longer wave- 
length, while the second section 68 having smaller re- 
fractive index, will support a photon emission at the 35 
shorter wavelength. Since there are more quantum 
wells in the first section 66 with a higher refractive index 
section, the emission at the longer wavelength will dom- 
inate. Nevertheless, if only a small portion of the quan- 
tum wells is etched away from the second section 68 of 40 
the grating period, a noticeable photon emission will be 
still generated in this section. In this case : there will be 
a chance that laser 11 will generate at the short wave- 
length (left Bragg mode) as a dominant mode on certain 
occasions, when a combination of external facet phases 45 
or external feedback phases is in favour to the short 
wavelength, the situation being typical for index coupled 
lasers. In order to eliminate such an unpredictable com- 
bination of phases, in the laser of the embodiment sub- 
stantially all quantum wells from the second section 68 so 
of the grating period are removed, to ensure that no sub- 
stantial emission is originally generated in this section. 
This will result in the photon emission in tho first section 
66 pr dominantly, and hence in lasing at the longer 
wavelength side of the stop band (right Bragg mode) on- ss 
ly. The lasing mode of such a laser is therefore deter- 
mined by an internal built-in and distributed mode se- 
lection means, for example, by the grating defined by 



deep tchingrath rthanbyth external fac t phase and 
coating asymmetry. Wh n arrang d in a sen s, each of 
such lasers, being phase insensitive and providing sta- 
ble single mode operation under almost all phase com- 
binations, ensures almost independent operation of 
each laser and no substantial interaction between adja- 
cent lasers in series. We have called such a laser a 
■strongly gain coupled DFB laser' and utilized it as a 
building block for the series of DFB lasers 10. 
[0034] To provide a path to the output facet 27 for light 
generated by all lasers in the series, it is necessary to 
satisfy certain requirements on laser wavelengths and 
pumping conditions. It is known that when an active re- 
gion is pumped just above a transparency level (and be- 
low a threshold level), a DFB laser becomes transparent 
for a light passing through if a wavelength of the passing 
light is outside of the stop band. The same laser be- 
comes lossy and not transparent for the light passing 
through if the wavelength of the passing light is within 
the stop band, regardless of the fact that the laser is 
pumped above the transparency level. Moreover, when 
the wavelength of the passing light is far enough from 
the stop band of the laser, it passes through the laser 
without substantial interaction even if the laser is 
pumpod abovo a threshold lovol and generates a stable 
lasing mode by itself. Thus, for a particular laser in the 
series, it is necessary to generate light outside of the 
stop bands of all lasers which are closer to the output 
facet of the series to provide a path for light generated 
by each laser to the output facet It may be conveniently 
arranged if each laser generates at the same side of its 
stop band, and Bragg wavelengths of lasers differ so as 
to provide a continuous tuning of the series as a whole. 
The principles described above are applied for both sin- 
gle wavelength tunable operation and the simultaneous 
multi-wavelength operation of the series of DFB lasers. 
[0035] Figure 4 illustrates a continuous wavelength 
tuning range for the series 10 of two strongly gain cou- 
pled DFB lasers 11 and 13 of the first embodiment 
achieved by the current injection only. 
[0036] For the series of two lasers of the first embod- 
iment, there are two steps to obtain the entire tuning 
curve. 

i) The first laser 11 is biased from 60 mA to about 
180 mA to obtain a continuous current induced 
wavelength tuning around 6 nm, while the other la- 
ser 13 is not biased at all. The injection current is 
adjusted so as to have lasing wavelengths (laser 
channels) separated by 1 nm. The first lasing spec- 
trum including channels numbered from 1 to 6 in the 
Fig. 4 correspond to the first tuning step. 

ii) The first laser is biased at about 14 mA, which is 
slightly below the threshold and above the transpar- 
ency level, in order to provide a transparent path for 
lasing emission generated by the second laser 13 
to pass through the first laser 1 1 without substantial 
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loss s. Th n th second laser 13 is biased from 
about 60 mA to about 1B0 mA to obtain anoth r 6 
nm current induced wavelength tuning range. The 
Bragg wavelength of the s cond laser 13 is de- 
signed to be 6 nm longer than the Bragg wavelength 
of the first laser 11 so that tuning ranges of the first 
and second lasers just adjoin each other and pro- 
vide a combined continuous tuning range of about 
12 nm. The channels numbered 7 to 1 3 in Figure 4 
are achieved by tuning the second laser 13 only, the 
first laser 11 being biased above the transparency 
level. 

[0037] The output facet 27 from the series 10 is cou- 
pled into a tow cost erbium doped fiber amplifier (EDFA) 
with the use of an optical isolator (both are not shown) 
to boost up an output power obtained from the series of 
lasers 10. It was demonstrated that the series of lasers 
10 provides a stable single mode generation, an exter- 
nal feedback from the EDFA and another fiber connector 
not influencing the single mode operation due to the 
strong internal gain coupling of the lasers 11 and 13. 
[0038] Thus, an overall continuous tuning range of 
about 1 2 nm is achieved in the series of two strongly 
gain coupled DFB lasers. 

[0039] The series of DFB lasers described above pro- 
vide not only a possibility of achieving a wide and stable 
wavelength tuning range, but also a simultaneous multi- 
wavelength operation with several well defined laser 
peaks and excellent adjacent side mode suppression. 
For example, two wavelength generation may be 
achieved for the series of two lasers 10, wherein a first 
wavelength may be chosen from the tuning range of the 
first laser 11, and a second wavelength may be chosen 
from the tuning range of the second laser 13. Compared 
with a parallel multi-wavelength laser array, the multi- 
wavelength generation is now emitted from one single 
common output port only (series output facet 27) which 
has a great advantage over parallel arrays by more com- 
pact and cheap packaging and avoiding power losses 
by not using optical combiners. 

[0040] A series of lasers 100 according to a second 
embodiment of the present invention is shown in Figure 
5. The series 100 of three lasers comprises a first DFB 
laser 1 1 1 , a second DFB laser 113 and a third DFB laser 
115 having their cavities arranged along one line, des- 
ignated by numeral ll-ll in Figure 5, and having a com- 
mon single oulput 127 arranged along the line ll-ll and 
in the direction shown by an arrow on the line ll-ll. The 
series 100 is formed on a substrate 112 providing a first 
confinement region, an active region 114 comprising a 
multiple quantum well structure 116 and a first, second 
and third gratings 117, 119and 121 dofinod therein, and 
an ov rlying confinement region 120. Means for excita- 
tion of the series are formed thereon, and include a con- 
tact to the substrate 164, and a first, second and third 
current confining ridges 122. 123 and 124~defining first, 
second and a third lasers 111 . 113 and 115 correspond- 
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ingly. first, second and third contact electrodes 130. 131 
and 132 b ing defined on each ridge respectively for 
current injection into the series structure. Three gratings 
117, 119 and 121 positionally correspond to the first, 
5 second and third lasers of the series 111, 113 and 115 
respectively. All three gratings 117, 119 and 121 are 
made by periodic etching grooves through the active re- 
gion 114, the depth of etching being defined as will be 
described in detail below. Periods of the gratings differ 
io so as to provide a 6 nm center Bragg wavelength sep- 
aration of adjacent gratings. The lasers are equally 
spaced apart from each other, the separation being 
about 3 micrometers. The rest of the structure of the se- 
ries 100 and its operation are similar to that of the pre- 
is vious embodiment described above. 

[0041] Figure 6 illustrates a continuous wavelength 
tuning of the series of three strongly gain coupled DFB 
lasers achieved by current injection only. Due to the 
strong gain coupling, the single mode property for each 
20 laser is well maintained over the entire temperature and 
current range. 

[0042] For the series of three lasers, there are three 
steps to obtain the entire tuning curve. 

25 j) Tho first lasor 111 is biasod from 60 mA to about 
180 mA to obtain a continuous current induced 
wavelength tuning around 6 nm, while the other two 
lasers 113 and 115 are not biased at all. The injec- 
tion current is adjusted so as to have lasing wave- 
30 lengths (laser channels) separated by 1 nm. The 
first lasing spectrum including channels numbered 
from 1 to 6 in the Fig. 6a correspond to the first tun- 
ing step. 

35 ii) The first laser is biased at about 14 mA, which is 
slightly below the threshold and above the transpar- 
ency level, in order to provide a transparent path for 
a lasing emission generated by the second laser 
113 to pass through the first laser 111 without sub- 
40 stantial losses. Then the laser 113 is biased from 
about 60 mA to about 180 mA to obtain another 6 
nm current induced wavelength tuning range. The 
Bragg wavelength of the second laser 113 is ar- 
ranged to be 6 nm longer than the Bragg wave- 
rs length of the first laser 1 1 1 , so that tuning ranges of 
the first and second lasers just adjoin each other 
and provide a combined continuous tuning range of 
12 nm. The channels numbered by 7 to 12 in Fig- 
ures 6a and 6b illustrate a lasing spectrum achieved 
so by tuning the second laser 113 only, while the third 
laser 115 is not biased at all and the first laser 111 
is biased above the transparency level. The Figure 
6b partially repeats the part of the Figure 6a spec- 
trum. 

55 

iii) The Bragg wavelength of the third laser 115 is 
arranged to be 12 nm longer than the Bragg wav - 
length of the first laser 111 and 6 nm longer than the 
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Bragg wavelength of the s cond laser 113. When 
the first and second lasers 111 and 113 are biased 
above the transparency level as described above, 
the bias current of the third laser 115 is varied from 
about 60 m A to about 220 m A to obtain another con- 
tinuous wavelength tuning range of the order of 8 
nm. The channels numbered from 1 3 to 20 in Figure 
6b indicate 6 channels, each separated by 1 nm, 
achieved in the third tuning step. Figures 6a and 6b 
are obtained for the same series of three lasers and 
aligned according to the channel numbers. 

[0043] Thus, an overall 20 nm continuous tuning 
range is achieved forthe series of three strongly coupled 
DFB lasers. 

[0044] The series of three lasers is also capable of 
simultaneous multi-wavelength generation, wherein the 
number of generated wavelength is equal to the number 
of lasers in the series excited above threshold levels. 
For xample, for the series of three lasers, it is possible 
to achieve one, two or three wavelength generation, de- 
pending on the number of lasers simultaneously 
pumped above threshold. Each of the generated wave- 
lengths may be chosen from the tuning range of the cor- 
responding laser, and tho multi-wavo length generation 
is mitted through the single common output port only. 
[0045] The series of semiconductor lasers of the em- 
bodiments described above comprises semiconductor 
diode lasers, i.e., lasers having contacts for electrical 
excitation of the active region by current injection. It is 
also contemplated that a series 200 of yet another em- 
bodiment, shown in Fig. 7, may be provided with optical 
pumping means 230, 231 and 232, replacing corre- 
sponding electrical contacts 130, 131 and 132 of the 
second embodiment (or corresponding contacts 30 and 
32 of the first embodiment), e.g., by providing population 
inversion with suitable optical coupling to another light 
source on the substrate. The series 200 according to 
this embodiment comprises a first excitation means 230, 
a second excitation means 231 and a third excitation 
means 232 for an independent pumping of the first 21 1 , 
second 213 and third 215 lasers axially distinct along a 
cavity length direction designated by a numeral Ill-Ill in 
Figure 7, and having a single common output 227 ar- 
ranged along the line Ill-Ill and in the direction shown 
by an arrow on the line Ill-Ill. Means for varying the 
pumping of one laser with respect to the pumping of an- 
other, means lor tuning a laser wavelength around the 
corresponding lasing mode and means for switching be- 
tween lasing modes are also provided (all of them are 
not shown). The rest of the structure of the series 200 
is simila to that of the previous embodiments described 
above. It comprises a substrate 212 providing a first sep- 
arat confinement region, an active region 21 4 compris- 
ing a MOW structure 216 and a first, second and third 
gratings 217, 219 and 221 defined therein, and an ov r- 
lying confinement region 220. First, second and third 
confining ridges 222. 223 and 224 define first, second 



and third lasers 211, 213 and 215 as describ d abov 
[0046] In the embodiments described above, the se- 
ries of lasers compris s two or three gain coupled DFB 
lasers. It is also contemplated that a series of yet anoth- 
5 er embodiment may comprise any reasonable number 
of DFB lasers arranged along one line, each laser being 
gain coupled or loss coupled laser. Preferably, the lasers 
have outputs in the same direction and from the same 
output facet of the series, with number of lasers in the 
io series depending on losses and other restricting factors. 
It is preferably arranged that each laser generates at the 
right Bragg mode around its stop band for gain coupled 
lasers or at the left Bragg mode for loss coupled lasers, 
and the lasing wavelength of each laser which is closer 
is to the output facet of the series, including current and 
temperature tuning, does not fall within the stop band of 
the adjacent laser which is further away from the output 
facet. It will ensure that light generated by a more distant 
laser will pass through the system without substantial 
20 losses. Any other arrangement for Bragg wavelengths 
of the lasers, providing a transparent path to the output 
facet, is also acceptable. Preferably, a center Bragg 
wavelength separation of lasers in the series is chosen 
to provide a continuous wavelength tuning range for the 
25 sorics as a whole. 

[0047] It is also contemplated that a series of alterna- 
tive embodiments may comprise buried heterostructure 
lasers in contrast to the ridge waveguide lasers de- 
scribed in the above embodiments 
30 [0048] Series of strongly complex coupled DFB lasers 
described above have advantages over other similar 
structures which can be summarized as follows. 
[0049] Each laser in the series provides an excellent 
SMSR over the entire tuning range due to the removal 
35 of left Bragg mode from generation. There is very little 
chance for one laser to switch from the right Bragg mode 
to the left Bragg mode due to the intrinsic structure of 
the laser itself. 

[0050] There is no substantial interaction among se- 
40 hes lasers due to the insensitivity of each laser to facet 
phase and facet reflection amplitude, and therefore to 
external effective feedback or optical injection from ex- 
ternal source, such as the adjacent series laser. 
[0051] The series provides a high series yield due to 
<*5 the high single mode yield of each laser in a strongly 
gain coupled series and reduced interaction between la- 
sers. 

[0052] The series of strongly coupled lasers provides 
more simple manufacturing. Due to insensitivity of la- 
sers to facet phases and the interaction between lasers, 
control of manufacturing of the series is less stringent, 
and testing of such lasers is more straightforward. 
[0053] The series of strongly coupled DFB lasers pro- 
vides a high predictability and controllability of laser 
'>s wavelength. Since each laser generates at a pr d ter- 
mined right Bragg mode, and there is very little chanc 
for the mode to switch to the left Bragg mode, th ntire 
tuning range is continuous for both current and t mper- 
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ature tuning, and the lasing wav length can be simply 
predicted and controlled in the practical system applica- 
tions. 

[0054] Since several DFB lasers are arranged in se- 
ries along the cavity length direction, all lasers' outputs 
go through the common output facet. This eliminates a 
need for an optical combiner required in the common 
parallel array approach, and as a result, there is no pow- 
r loss due to the use of the combiner. Since the series 
of lasers has only one output port, it can be easily inte- 
grated with other optical devices, such as electro-ab- 
sorption modulators, Mach-Zender modulators, detec- 
tors, tunable filters. It greatly simplifies module packag- 
ing and significantly reduces overall costs of the system 
implementation. 

FABHICATION 

(0055) Fabrication of the series of strongly gain cou- 
pled DFB semiconductor lasers 10 according to the first 
embodiment shown in Fig. 1 proceeds in four stages as 
follows 

1 first epitaxial growth of substrate and multiple 
quantum woll structuro; 

2 patterning of the grating structure; 

3. second epitaxial growth of the overlying layers; 

4. completion of the laser fabricating (e.g. ridge for- 
mation, contacts). 

[0056] The prepared substrate 12 is loaded promptly 
into a commercially available CVD growth chamber, and 
a buffer layer 14 of InP followed by the first confinement 
region 35, including four layers of InGaAsR is grown. 
The active region 14, comprising eight 1% compressive- 
ly strained P-doped InGaAsP quantum wells 44, sepa- 
rated by seven P-doped InGaAsP unstrained barriers 
46, is grown next. 

[0057] The wafer is then removed from the growth 
chamber and processed so as to form photolrthograph- 
ically gratings 17 and 19 by periodically etched grooves 
through the active region 14. First, a dielectric such a 
Si0 2 (not shown) is grown on the surface of the wafer, 
and the groove pattern is created in the dielectric layer. 
The grooves are etched using reactive ion etching or 
wet chemical etching process. The residual dielectric is 
then removed. Using known crystal growth techniques, 
for example, a metal oxide chemical vapor deposition, 
an InP layer 52 is grown in the grooves. Etch stop layer 
54 of InGaAsP grown between two buffer layers 56 and 
58 of InP, followed by cladding layer 60 of InP and cap- 
ping layer 62 of InGaAs complete the structur . Series 
fabricating is then completed using a standard process. 
For example, to form rectangular ridge waveguides 22 
and 24 perpendicular to the grooves of th gratings 17 



16 

and 19, a ridge mask is provid d on th substrat , and 
the ridges are form d by etching through th capping 
layer 62 and top cladding layer 60. the ridges being 2 ? 
m nominal width. The split top electrodes 30 and 32 are 
5 defined by the mask used in the metalization step and 
created in the lift-off process. The output facet 27 of the 
series is AR-coated (anti-reflection coated). The back 
facet may be AR-coated, as-cleaved or HR-coated 
(high-reflection coated). Alternatively, after the second 
10 regrowth, when a current confining region is formed on 
the active region, a buried heterostructure may also be 
grown. A phase mask generated by Electron Beam (EB) 
lithography or direct EB writing on wafer may be used 
as an alternative to a wet etching process for grating for- 
ts mation. 

[0058] In summary, a one dimensional series of com- 
plex coupled (gain or loss coupled) DFB semiconductor 
lasers is disclosed Each laser comprises a multiple 
quantum well active region and a complex coupled grat- 

20 ing having corrugations along a cavity length direction 
formed by periodic etching grooves through the active 
region. The grating has a period comprising a first sec- 
tion and a second section, wherein substantially all 
quantum wells are etched away from the second section 

2S providing no substantial photon gonoration in the sec- 
ond section. The depth of etching is defined so as to 
provide a substantial insensitivity of each laser to the 
external feedback and random facet variations and to 
ensure thereby no substantial interaction between la- 

30 sers in the series The lasers in the series may further 
comprise means for tuning laser wavelengths around 
corresponding lasing modes and/or means for switching 
between the lasing modes. The series of lasers is also 
capable of simultaneous multi-wavelength generation, 

35 with number of generated wavelength being equal to a 
number of lasers in the series excited above threshold 
levels. 

[0059] Thus, it will be appreciated that, while specific 
embodiments of the invention are described in detail 
40 above, numerous variations, modifications and combi- 
nations of these embodiments fall within the scope of 
the invention as defined in the following claims. 



1. A series of semiconductor lasers having an output 
facet, comprising: 

a plurality of complex coupled distributed feed- 
back semiconductor lasers having laser cavi- 
ties arranged in a series coaxially along same 
optical axis, each laser comprising: 

a) a substrate; 

b) an active region formed on the substrat 
and comprising a multiple quantum well- 
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structure; 

c) an excitation means for pumping the ac- 
tive region; 

5 

d) a complex coupled grating having corru- 
gations along the optical axis formed by pe- 
riodic etching grooves through the active 
region, the grating having a period com- 
prising a first section and a second section, to 
wherein substantially all quantum wells are 
etched away from the second section pro- 
viding no substantial photon emission in 
the second section and ensuring no sub- 
stantial interaction between lasers in the 
series, 

a Bragg wavelength of each laser in the series 
being outside the stop bands of all other lasers 
which are closer to the output facet of the se- 
ries. 

A series of lasers as claimed in claim 1 , wherein the 
series has only one output facet. 

A series of lasers as claimed in claim 1 or claim 2, 
wherein each laser is a gain coupled laser compris- 
ing a gain coupled grating. 

A series of lasers as claimed in claim 1 or claim 2, 
wherein each laser is a loss coupled laser compris- 
ing a loss coupled grating. 

A series of lasers as claimed in claim 3, wherein 
each laser generates at the right Bragg mode 
around its stop band, and the Bragg modes of lasers 
differ so as to provide a continuous tuning range for 
the series as a whole. 

A series of lasers as defined claimed in claim 4, 
wherein each laser generates at the left Bragg 
mode around its stop band, and the Bragg modes 
of lasers differ so as to provide a continuous tuning 
range for the series as a whole. 

A series of lasers as claimed in any one of claims 1 
to 6, further comprising means for tuning a laser 
wavelength of each laser around a corresponding 
lasing mode. 

A series of lasers as claimed in any one of claims 1 
to 7, capable of multi-wavelength generation, 
wherein tho number of generated wavclongths is 
equal to a number of lasers in the series excited 
above threshold levels. ss 



switching between lasing mod s g n rated by la- 
sers in the series. 

10. A series of lasers as claimed in claim 9, wherein the 
means for wavelength switching provides switching 
within a time interval of several nanoseconds. 

11. A series of lasers as claimed in any one of claims 1 
to 10, wherein a height and a shape of the sections 
of the grating period define photon emission in the 
sections. 



12. A series of lasers as claimed in claim 11, wherein 
the first and second sections have a rectangular or 

15 trapezoidal shape. 

13. A series of lasers as claimed in claim 11, wherein 
the second section is V-shaped. 
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14. A series of lasers as claimed in any one of claims 1 
to 1 3, wherein the means for pumping the active re- 
gion comprises electrical contacts for current injec- 
tion into the active region. 

15. A series of lasers as claimed in claim 14, wherein a 
current confining region is formed on the active re- 
gion. 

16. A series of lasers as claimed in claim 15, wherein 
the current confining region is a ridge waveguide. 

17. A series of lasers as claimed in claim 16, wherein 
the current confining region is a buried hetero-struc- 
ture. 

18. A series of lasers as claimed in any one of claims 1 
to 13, wherein the means for pumping the active re- 
gion comprises an external optical pumping source. 



A series of lasers as claimed in any one.of claims 1 
to 8. further comprising means for wavelength 
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